Flies of the Colocasiomyia toshiokai species group depend exclusively on infl orescences/infructescences of the aroid tribe Homalomeneae. The taxonomy and reproductive biology of this group is reviewed on the basis of data and samples collected from Southeast Asia. The species boundaries are determined by combining morphological analyses and molecular species delimitation based on sequences of the mitochondrial COI (cytochrome c oxidase subunit I) gene. For the phylogenetic classifi cation within this species group, a cladistic analysis of all the member species is conducted based on 29 parsimony-informative, morphological characters. As a result, six species are recognised within the toshiokai group, including one new species, viz. C. toshiokai, C. xanthogaster, C. nigricauda, C. erythrocephala, C. heterodonta and C. rostrata sp. n. Various host plants are utilised by these species in different combinations at different localities: Some host plants are monopolized by a single species, while others are shared by two or three species. C. xanthogaster and C. heterodonta cohabit on the same host plant in West Java, breeding on spatially different parts of the spadix. There is a close synchrony between fl ower-visiting behaviour of fl ies and fl owering events of host plants, which indicate an intimate pollination mutualism.
. The genus Colocasiomyia de Meijere is one such group that obligatorily breeds in fl owers. Currently there are 29 formally described species in this genus, mostly from the Asian tropics (Toda, 2018) , which are classifi ed into six species groups (Sultana et al., 2006; Fartyal et al., 2013) . Each species group specialises on host plants A review of taxonomy and fl ower-breeding ecology of the Colocasiomyia toshiokai species group (Diptera: Drosophilidae), with description of a new species from Indonesia TAO SHI 1, 8 , MASANORI J. TODA 2 , KOHEI TAKENAKA TAKANO 3, 4 , MASAKO YAFUSO 5 , AWIT SUWITO 6 , SIN YENG WONG 7 , SU-QIN SHANG 8, * and JIAN-JUN GAO 1, 9, * of a particular taxon (Yafuso & Okada, 1990; Yafuso et al., 2000; Sultana et al., 2002 Sultana et al., , 2006 Toda & Lakim, 2011; Fartyal et al., 2013; Li et al., 2014) : crassipes group (Sultana et al., 2006) the family Magnoliaceae, zylanica group (Sultana et al., 2006) the family Arecaceae (genus Pinanga Blume), gigantea group (Fartyal et al., 2013) the subfamily Monsteroideae (Araceae), baechlii group (Okada, 1990) the tribe Schismatoglottideae (subfamily Aroideae, Ara ceae), cristata group (Okada, 1990) the Colocasia clade and genera Alocasia (Schott) G. Don and Leucocasia (sensu Cusimano et al., 2011; Aroideae, Araceae) , and toshiokai group (Sultana et al., 2002) the genera Homalomena Schott (Philodendron clade) and Aglaonema Schott (tribe Aglaonemateae) of Aroideae (Araceae).
Colocasiomyia fl ies depend on specifi c host plants throughout their entire life cycle; their life histories from oviposition to adult eclosion are adapted to the fl owering/ fruiting of specifi c host plants, and vary depending on the number and combination of cohabiting fl y species (Carson & Okada, 1980; Honda-Yafuso, 1983; Toda & Okada, 1983; Yafuso, 1994; Takenaka, 2006; Takenaka et al., 2006; Takano et al., 2012; Fartyal et al., 2013) . In turn, the fl ies serve as specifi c, obligate pollinators of their host plants (Yafuso, 1993; Miyake & Yafuso, 2003; Takenaka, 2006; Takenaka et al., 2006; Takano et al., 2012) .
The toshiokai group was established by Sultana et al. (2002) for fi ve species: C. toshiokai (Okada, 1983) recorded from the Philippines, C. xanthogaster Yafuso & Okada, 1990 and C. heterodonta Yafuso & Okada, 1990 both from Java, C. erythrocephala Yafuso, 2002 from Vietnam and C. nigricauda Sultana & Toda, 2002 from Sabah. All these species are recorded exclusively on infl orescences of the genera Homalomena and Aglaonema. However, the knowledge of their fl ower-visiting/breeding habits is still fragmentary (Yafuso & Okada, 1990 ).
In addition, Sultana et al. (2006) lists four undescribed, putative species (sp. aff. heterodonta from Java, sp. 2 aff. heterodonta and sp. 3 aff. heterodonta from Sumatra, and sp. aff. xanthogaster from Sumatra and Sulawesi) as members of the toshiokai group, but leave their species status uncertain. In the present study, the species delimitation and relationships within the toshiokai group are determined based on detailed morphology and mitochondrial COI (cytochrome c oxidase subunit I) sequences of populations from Malaysia and Indonesia. As a result, one new species is described and the descriptions of the fi ve known species are revised. In addition, the reproductive ecology of this species group is summarized on the basis of all the available data and observations of fl ower-visiting behaviour in relation to heat generation by host plant infl orescences.
MATERIAL AND METHODS

Insect specimens
All of the specimens included in the present study were collected from infl orescences of Homalomena and Aglaonema in Malaysia and Indonesia (see the "Ecological observation" section for details). Specimens were preserved in Kahle's solution followed by 70% ethanol for morphological observation, or in 100% ethanol for DNA sequencing. summarized using TreeAnotator v2.4.8. The GMYC analysis was performed using the package "splits" (Species Limits by Threshold Statistics; available from http://r-forge.r-project.org/projects/ splits) implemented in R software with default scaling parameters for the single-and multiple-threshold options. Ratnasingham & Hebert (2013) developed the Barcode Index Number (BIN) System within the Barcode of Life Data System (BOLD: http://www. barcodinglife.org; Ratnasingham & Hebert, 2007) to register the OTUs (hypothetical species) delineated by RESL. New barcode sequences uploaded to BOLD are analysed through the BIN pipeline (Ratnasingham & Hebert, 2013) ; the BIN assignments of all records in BOLD are updated regularly, and BIN clusters can be split further or merged together. We used BIN assignments for our COI sequences as the results of RESL analysis, which were downloaded from BOLD on May 28, 2018. A maximum likelihood (ML) tree was constructed using the program RAxML HPC (Stamatakis, 2006) . In the ML analysis, the data set of the COI sequences was partitioned into two: 1st + 2nd codon positions and 3rd codon position. We selected eight species, two from each of four other species groups, as outgroup taxa (Table S1 ). A total of 100 distinct ML trees were calculated starting from distinct random trees under the GTRGAMMA model of nucleotide substitution, with the gamma model of rate heterogeneity across sites. Branch confi dence values (bootstrap percentages, BPs) were obtained by conducting rapid bootstrap analyses (1000 replicates), with bipartitions drawn from the 1000 boot strapped trees onto the best-scoring ML tree of the 100 calculated.
The species boundaries were determined integratively based on the results of the above molecular analyses and morphological comparison. In the description of a new species and redescriptions of known species, we followed McAlpine (1981) for the morphological terminology and Zhang & Toda (1992) for the defi nitions of measurements and indices.
Cladistic analysis of morphological characters
In order to determine the phylogenetic positions of C. toshiokai and C. erythrocephala, for which no specimens were available for DNA sequencing, a cladistic analysis of all six species of the toshiokai group was conducted using morphological characters. Four outgroup taxa, C. baechlii (Okada, 1986) , C. sp. 1 aff. bogneri, C. sp. 2 aff. bogneri and C. sp. 13 aff. bogneri, were selected from the baechlii group, which was proposed as the sister to the toshiokai group because of some synapomorphies and partial overlap in their host plant use with the toshiokai group (Sultana et al., 2006) .
For the character selection, we examined the detailed structure of every sclerotised organ of adult males and females. In addition to the characters investigated previously (Sultana et al., 2002 (Sultana et al., , 2006 Fartyal et al., 2013) , a number of new ones were compared among the six species of the toshiokai group. The character states for C. baechlii are based on its original description (Okada, 1986) .
The parsimony analysis was performed using PAUP* v4.0a165 (Swofford, 2003) . Maximum parsimony cladogram was generated by a heuristic search with 1000 replicates under the setting of "addition sequences at random" and "tree-bisection reconnection (TBR)" branch-swapping. All transformation series were assumed to be "unordered". On the resulting tree, character optimization was performed by ACCTRAN (accelerated transformation) and DELTRAN (delayed transformation). Branch support was assessed by a bootstrap analysis with 1000 replicates.
Ecological observations
In order to investigate the fl ower-visiting and reproductive habits of the species of the toshiokai group, fi eld collections and observations were conducted at various localities in Vietnam, Malaysia (Sarawak and Sabah) and Indonesia (Sumatra, Java and Sulawesi). At each locality, host plant (Homalomena and Aglaonema) infl orescences/infructescences at different developmental stages were collected. The fl owering/fruiting of host infl orescences/infructescences was divided into six stages ( Fig. 1B) : Stage I, infl orescence bud with spadix completely covered with spathe before anthesis; Stage II, fl owering phase with spathe open and spadix exposed; Stage III, post-fl owering phase with spathe closed and spadix covered; Stage IV, stamens decaying and pistils starting to grow within spathe; Stage V, stamen-remnants dried out and fruit growing; Stage VI, spathe dehisced and ripe fruitlets exposed. When Colocasiomyia fl ies were found visiting an infl orescence at Stage II, the infl orescence was enclosed within a plastic bag and all adult insects coming out of the infl orescence within the plastic bag were caught using an aspirator. The collected infl orescences/infructescences were brought back to the laboratory and dissected under a stereomicrocope to determine the distribution of Colocasiomyia immature stages (eggs, larvae or puparia) on the spadix. In cases where C. xanthogaster and C. heterodonta coexisted, their immatures were identifi ed based on the morphological differences described for eggs and larvae A -photograph of a complete plant; B -infl orescences and infructescences at Stages I to V (see text for explanation of each stage) in a cluster of sequentially blooming infl orescences; C -an infl orescence at Stage II, with a Colocasiomyia fl y on the spadix; D -a spadix with powdery pollen at Stage III, shown by removing the spathe: upper 3/5 of the spadix, the staminate region covered with male fl owers (stamens); lower 2/5, the pistillate region covered with female fl owers (pistils). of these two species by Yafuso & Okada (1990) . The distribution of C. nigricauda immatures was examined on infl orescences/ infructescences of Homalomena lambirensis S.Y. Wong & P.C. Boyce in Lambir, Sarawak, where C. nigricauda monopolized this host plant. No infl orescences/infructescences were examined for immature distributions of the other Colocasiomyia species.
Flower-visiting behaviour of Colocasiomyia fl ies during the fl owering of two host plants belonging to the Homalomena supergroup, Homalomena megalophylla M. Hotta ( Fig. 1 ) and H. pendula (Blume) Bakh. f. (Fig. S4 ), was observed in the Bogor Botanical Garden (6°35´S, 106°47´E, 260 m a.s.l., West Java, Indonesia), from November 14 to 17, 2009 for H. megalophylla and from August 1 to 4, 2011 for H. pendula. Important fl owering events, i.e., anthesis, heat generation, odour emission, pollen release and spathe closure, were observed on one infl orescence of each species. Infl orescences of H. megalophylla and H. pendula are nearly identical in structure. The spadix consists of a pistillate (lower female-fl ower) region covered with pistils and clavate, interpistillar staminodes, and a staminate (upper malefl ower) region covered with stamens ( Fig. 1D ). There are two or three lines of relatively large, closely spaced staminodes at the border between the pistillate and staminate regions. The spathe covers the spadix and forms a spathal chamber (Fig. 1C ). Temperatures of the pistillate and the staminate regions were measured by inserting two thermo-couple sensors into the middle part of the respective regions through the spathe from the rear side. These temperatures were recorded along with nearby ambient temperature, every 2 min for 3 days covering the entire fl owering process, using a data logger thermometer (Center ® 309). At the same time, the behaviour of insects visiting the infl orescences, particularly that of Colocasiomyia, was recorded.
RESULTS AND DISCUSSION
Species delimitation
Fig. 2 shows the ML tree constructed using the COI sequences, along with the results of the ABGD and GMYC analyses and the BIN assignments. The monophyly of the toshiokai group was strongly supported (BP = 97). The 38 ingroup sequences were sorted into six OTUs by the ABGD analysis (see also Table S2 ). Each OTU represented a highly supported clade with BP ≥ 85. OTU1 (BP = 100) and OTU2 (BP = 99) each corresponded to a single morphospecies, "sp. 2 aff. heterodonta" and "nigricauda", respectively. OTU3 (BP = 100) included two morpho-species, "xanthogaster" from West Java (including the type locality of C. xanthogaster, Bogor) and West Sumatra and the dark form "sp. aff. xanthogaster" from West Sumatra and North Sulawesi. The sister relationship between OTU2 and OTU3 was strongly supported (BP = 100). The remaining three OTUs formed another highly supported cluster (BP = 99). Of the three OTUs, OTU6 (BP = 90) corresponded to the morpho-species "sp. 3 aff. heterodonta" representing a highland population on Mt. Kerinci, Jambi, Sumatra. Another morpho-species, "sp. aff. heterodonta", which was recognised for highland populations with darker body col- Fig. 2 . ML phylogenetic tree of the Colocasiomyia toshiokai species group, based on 658-bp COI sequences and rooted with outgroup species. Label of each sequence is in the format of a "specimen voucher number (region of collection locality)". Numbers beside branches are bootstrap percentages (> 50%). Open bars indicate OTUs (Operational Taxonomic Units; hypothetical species) inferred from the ABGD analysis (recursive partitions at P = 0.0017 to 0.0046; see Table S2 for details), the GMYC analysis, and BIN assignments. our in West Java, was assigned to OTU4 (BP = 85), together with populations of "heterodonta" in lowland West Java (including the type locality of C. heterodonta, Bogor) and Sumatra. However, the Bornean (Sabah and Sarawak) populations that had been identifi ed as C. heterodonta (Sultana et al., 2002 (Sultana et al., , 2006 Toda & Lakim, 2011) formed OTU5 (BP = 95) distinct from OTU4. However, the GMYC and BIN assignments lumped OTU5 and OTU6. Morphologically, the three OTUs of the "heterodonta" cluster were more or less different from each other (see Remarks for C. heterodonta). Especially, OTU6 was quite different in the morphology of its phallic organs from OTU4 and OTU5 ( Fig. S2E , F, K, L, P, Q), suggesting that OTU6 is a distinct species. However, the molecular evidence contradicts the morphological resemblance: OTU5 and OTU6 were more similar in their COI sequences. A more critical point for the molecular species delimitation in this cluster is the insuffi cient sampling of OTU5 and OTU6 with only three and two specimens included in the analyses, respectively. Therefore, we refrained from taking any formal nomenclatural actions regarding the OTUs in this cluster and treated them as different forms of C. heterodonta: OTU4 = Form I (including the type of C. heterodonta), OTU5 = Form II (populations from Sarawak and Sabah, Borneo), and OTU6 = Form III (a highland population on Mt. Kerinci, Sumatra). As a consequence, we recognised four (one new and three known) species within the studied samples of the C. toshiokai species group: OTU1 = C. rostrata Shi C. rostrata sp. n. 0 0 1 1 0 0 0 0 1 0 1 0 3 2 0 0 2 0 1 1 0 1 1 1 0 0 1 0 1 C. heterodonta 1 1 1 0 1 0 2 1 1 0 0 0 0 0 0 1 2 1 1 2 0 b 1 1 0 a 0 1 0 C. erythrocephala 1 1 1 1 1 0 2 1 1 1 0 0 1 1 1 1 2 1 1 1 0 1 1 1 1 1 0 0 1 C. toshiokai 1 0 1 1 0 0 2 1 1 1 1 0 1 2 1 1 1 0 1 1 1 0 0 0 1 0 1 0 1 C. xanthogaster 1 0 0 0 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 0 0 0 1 1 0 0 1 C. nigricauda 1 0 0 0 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 0 0 0 1 1 0 0 1 a -0 or 1; b -1 or 2.
& Gao, sp. n., OTU2 = C. nigricauda, OTU3 = C. xanthogaster (but see Remarks for this species), and OTU4-6 = C. heterodonta.
Cladistic analysis Characters
As a result of the morphological study, a total of 29 characters were included in the cladistic analysis (Table 1 ). The polarity of each character was determined using the outgroup comparison method (Watrous & Wheeler, 1981) : all character states of C. sp. 1 aff. bogneri were coded as 0 ( Table 1) .
1. Antennal fi rst fl agellomere: (0) only slightly longer than pedicel ( Fig. 3F); (1) 1.5 or more times as long as pedicel ( Fig. 3A-E) .
2. Small pouch on inner surface of fi rst fl agellomere: (0) absent ( Fig. 3A -C, F); (1) present ( Fig. 3D, E) .
3. Longest branch of arista: (0) longer than upper, prominent seta on pedicel ( Fig. 3B , C); (1) as long as (Fig. 3A , D, E) or shorter than ( Fig. 3F ) upper, prominent seta on pedicel.
4. Distance between antennal sockets: (0) greater than half of the diameter of the socket (Fig. 4B , C, E); (1) narrower than half the diameter of the socket ( 9. Rows of medial sensilla on cibarium: (0) wider than or (1) as wide as sensilla campaniformia (Fig. 6 ).
10. Supralateral pair of setae outside prementum plate: (0) present ( Fig. 7E , F); (1) absent ( Fig. 7A-D) .
11. Acrostichal setulae, number of rows: (0) 2; (1) 4. 12. Additional pair of dorsocentral setae: (0) absent; (1) present.
13. Prominent seta(e) on postpronotal lobe: (0) 2; (1) 3; (2) 1; (3) not differentiated.
14. Costal setae, middle row from medial portion of 2nd costal section to proximal portion of 3rd section: (0) apically blunt, thick, peg-like setae interspersed with thin, trichoid setae; (1) all apically blunt, thick, peg-like; (2) all thin, trichoid.
15. Pegs on foreleg tarsomere II: (0) 1 long and many small, tooth-like spines ( Fig. 8B , C); (1) 3 long, stout spines ( Fig. 8A) . 
Cladogram
The parsimony analysis of the morphological data matrix (Table 1 ) resulted in a single most parsimonious clado- gram with a length of 59 steps and the following statistics: CI (consistency index) = 0.610, RI (characters retention index) = 0.681 and RC (rescaled consistency index) = 0.415. The tree was rooted by outgroup rooting (Fig. 9 ). Apomorphies are indicated on each branch based on the ACCTRAN estimations. The results of character optimization were inconsistent for some transformation series between ACCTRAN and DELTRAN (not shown). Synapomorphies not identifi ed by both ACCTRAN and DEL-TRAN are excluded from the following description.
The resulting cladogram ( Fig. 9 ) was compatible with the COI tree (Fig. 2) . The monophyly of the toshiokai group was supported with BP = 73. Although the tree topology within the toshiokai group was not so highly resolved in terms of BP values, some morphological characters suggested phylogenetic relationships for some species. Colocasiomyia rostrata sp. n. was placed as the most basal branch within the toshiokai group. This species lacks some synapomorphies of the sister clade comprised of all the other ingroup species: antennal fi rst fl agellomere at least 1.5 times as long as pedicel (ch. 1-1); medial portion of clypeus as thick as or thicker than distal portion of palpus (ch. 7-1, 2); and long spine(s) on foreleg tarsomere II sulcate (ch. 16-1). This species shares the plesiomorphic states for these characters with the outgroup species.
Of the remaining species, the sibling C. xanthogaster and C. nigricauda formed a compact clade (BP = 99) supported by the following apomorphies: facial carina as long as pedicel and fi rst fl agellomere combined (ch. 6-1); and medial portion of clypeus as thick as distal portion of palpus (ch. 7-1). However, the relationships of this clade to C. erythrocephala and C. toshiokai remain uncertain (but see Remarks for the latter two species). One new and fi ve known species are here described and redescribed, respectively, with reference to the previous taxonomic studies on this species group (Toda & Okada, 1983; Yafuso & Okada, 1990; Sultana et al., 2002 Sultana et al., , 2006 .
Diagnosis (Sultana et al., 2002 (Sultana et al., , 2006 , with minor modifi cations). Palpus subapically with large cavity ( Characters shared by all the species. Eye with sparse interfacetal setulae (Fig. 4) .
The characters described as shared among the known species in this species group by Sultana et al. (2002) are not referred to in the descriptions below if also present in the new species.
Colocasiomyia toshiokai (Okada, 1983)
(Figs 3-7A)
Drosophilella toshiokai Okada in Toda & Okada, 1983 : 173. Colocasiomyia toshiokai: Okada, 1988 Sultana et al., 2002: 307.
Diagnosis. Acrostichal setulae in 4 rows. Surstylus sinuated, as thin as, but longer than ventral elongation of cer- cus, rounded at apex, with 4 minute, submedial to apical setulae ( Fig. 2A in Sultana et al., 2002) .
Redescription. Antennal fi rst fl agellomere approximately 1.5 times as long as pedicel, without small pouch on inner surface; longest branch of arista as long as upper, prominent seta on pedicel ( Fig. 3A) . Facial carina somewhat roundly demarcated below, much shorter than pedicel and fi rst fl agellomere combined ( Fig. 4A ). Clypeus medially much thicker than distal portion of palpus ( Fig. 5A ). Projections on anterolateral corners of cibarium longer than width of its anterior margin ( Fig. 6A ). Prementum with 3 (proximal, lateral and distal) pairs of setae, lacking supralateral pair of setae outside prementum plate ( Fig.  7A ). Foreleg tarsomere II with 3 long, stout, sulcate spines. Epiproct and hypoproct with pubescence. Female sternite VII deeply notched on caudomedial margin. 
Distribution. Philippines (Mindanao).
Remarks. This species was placed as the sister to the clade of C. xanthogaster and C. nigricauda in the most parsimonious cladogram (but BP = 52; Fig. 9 ), with the following synapomorphies: surstylus as narrow as ventral elongation of cercus (ch. 17-1); and aedeagus with long, tube-like, membranous distiphallus (ch. 21-1). On the other hand, this species also seems to be related to C. rostrata sp. n., sharing the following homoplastic apomorphies: acrostichal setulae in 4 rows (ch. 11-1); costal setae in middle row from medial portion of 2nd costal section to proximal portion of 3rd section all thin, trichoid (ch. 14-2); and hypoproct pubescent (ch. 27-1).
Colocasiomyia xanthogaster Yafuso & Okada, 1990
(Figs 3-7B, 8A, S1; Table S3 ) Colocasiomyia xanthogaster Yafuso & Okada, 1990: 138; Sultana et al., 2002 : 308. Colocasiomyia sp. aff. xanthogaster: Sultana et al., 2006 Diagnosis. Additional pair of dorsocentral setae present before transverse suture, approximately 2/3 as long as anterior dorsocentral setae. Surstylus strongly curved downward, rounded at apex ( Fig. 2B in Sultana et al., 2002) . Aedeagus apically narrow and clawed ( Fig. S1M-O) .
Redescription. Antennal fi rst fl agellomere approximately 1.5 times as long as pedicel, without small pouch on inner surface; longest branch of arista longer than upper, prominent seta on pedicel ( Fig. 3B ). Clypeus medially nearly as thick as distal portion of palpus ( Fig. 5B ). Projections on anterolateral corners of cibarium longer than width of its anterior margin; medial and posterior cibarial sensilla 3-6 and 4-6 per side, respectively (Fig. 6B ). Prementum with 3 (proximal, lateral and distal) pairs of setae, lacking supralateral pair of setae outside prementum plate (Fig. 7B ). Foreleg tarsomere II with 3 long, stout, sulcate spines ( Fig.  8A ). Aedeagus without beak-like projection be tween basal processes ( Fig. S1M Distribution (* new record). Indonesia (Java, West Kalimantan, Sumatra*, Sulawesi*), Malaysia* (Sarawak).
Remarks. Some local populations vary morphologically. The light form (including the holotype) has light (pale yellow in female and pale brown in male) abdominal tergites, as refl ected in the specifi c name xanthogaster, and its foreleg tibia lacks dark patch on apical portion of inner surface (Fig. S1A ). The dark form, which is regarded as a different morpho-species, "sp. aff. xanthogaster", by Sultana et al. (2006) , has nearly entirely dark grey to black abdominal tergites and a dark patch on apical portion of inner surface of the foreleg tibia ( Fig. S1B, C) . Specimens of the light form have been collected in West Java, West Sumatra, West Kalimantan and Sarawak, and those of the dark form in West Sumatra and North Sulawesi. In the present study the detailed morphological comparison revealed that some characters other than body colour are different between Sumatran and Sulawesian populations of the dark form. Thus, three morphological forms, Light, Dark I (Sumatra) and Dark II (Sulawesi), are recognised within C. xanthogaster, and Light and Dark I forms co-occur in West Sumatra (see Table S3 and Fig. S1 for details). Although intraspecifi c pigmentation polymorphisms have been repeatedly observed in drosophilid species (e.g., Gibert et al., 1999; Wittkopp et al., 2003) , the observed differences in structures and setation of some organs suggest a possibility that the three forms are good sibling species. However, the COI barcoding detected no distinct genetic differentiation among them. Therefore, we refrain from treating the two Dark forms as good species until more crucial evidence is obtained. Diagnosis. Additional pair of dorsocentral setae present before transverse suture, approximately 3/4 as long as anterior dorsocentral setae. Surstylus gently curved downwards, apically triangular ( Fig. 2C in Sultana et al., 2002) . Aedeagus shaped like thick claw apically ( Fig. 3E in Sultana et al., 2002) .
Redescription. Antennal fi rst fl agellomere approximately 1.5 times as long as pedicel, without small pouch on inner surface; longest branch of arista longer than upper, prominent seta on pedicel (Fig. 3C ). Facial carina as long as pedicel and fi rst fl agellomere combined, somewhat truncately demarcated below (Fig. 4C ). Clypeus medially nearly as thick as distal portion of palpus ( Fig. 5C ). Projections on anterolateral corners of cibarium longer than width of its anterior margin; medial, cibarial sensilla 3-8 per side (Fig. 6C ). Prementum with 3 (proximal, lateral and distal) pairs of setae, lacking supralateral pair of setae outside prementum plate ( Fig. 7C ). Foreleg tarsomere II with 3 long, stout, sulcate spines ( Fig. 1E in Sultana et al., 2002) . Aedeagus without beak-like projection between basal processes (Fig. 3E in Sultana et al., 2002) . Epiproct and hypoproct not pubescent. Female sternite VII deeply notched on caudomedial margin. Distribution. Malaysia (Sabah, Sarawak), Indonesia* (Sumatra, Java).
Remarks. The specimens collected from Indonesia were identifi ed as being conspecifi c with those from the type locality, i.e., Poring, Sabah, Malaysia, based on morphology and DNA barcoding (Fig. 2) . Diagnosis. Three stout spines on foreleg tarsomere II slightly longer than tarsomeres III and IV combined. Surstylus straight, as long as but slightly broader than ventral elongation of cercus, rounded at apex ( Fig. 2D in Sultana et al., 2002) . Aedeagus broad, apically thick and rounded, with beak-like projection between a pair of strongly sclerotized, basal processes ( Fig. 4A in Sultana et al., 2002) .
Redescription. Supracervical setae 3-5 per side. Antennal fi rst fl agellomere approximately twice as long as pedicel, with small pouch on inner surface; longest branch of arista as long as upper, prominent seta on pedicel (Fig. 3D ). Facial carina roundly demarcated below, shorter than pedicel and fi rst fl agellomere combined (Fig. 4D) . Clypeus medially thicker than distal portion of palpus (Fig. 5D ). Projections on anterolateral corners of cibarium longer than width of its anterior margin; posterior, cibarial sensilla 3-5 per side (Fig. 6D ). Prementum with 3 (proximal, lateral and distal) pairs of setae, lacking supralateral pair of setae outside prementum plate (Fig. 7D) . Foreleg tarsomere II with 3 long, stout, sulcate spines. Epiproct and hypoproct not pubescent. Female sternite VII deeply notched on caudomedial margin. 
Distribution. Vietnam.
Remarks. This species seems to be intermediate in morphology between C. heterodonta and the clade of C. xanthogaster and C. nigricauda, sharing two apomorphies (ch. 2-1, antennal fi rst fl agellomere with small pouch on inner surface; and ch. 17-2, surstylus broader than ventral elongation of cercus) with the former, but also three apomorphies (ch. 14-1, costal setae in middle row from medial portion of 2nd costal section to proximal portion of 3rd section all apically blunt, thick, peg-like; ch. 15-1, fore tarsomere II with 3 long, stout spines; and ch. 25-1, female sternite VII deeply notched on caudomedial margin) with the latter. Diagnosis. Foreleg tarsomere II with 1 long, stout, sulcate spine and many small, tooth-like spines arranged in irregular rows (Figs 8C, S2C , D, I, J, O). Parameres basally articulated with hypandrium ( Fig. S2F, L, Q; Fig. 4C , D in Sultana et al., 2002) . Oviscapt apically tapering but without distinct projection ( Fig. 5E in Sultana et al., 2002) .
Redescription. Antennal fi rst fl agellomere with small pouch on proximal portion of inner surface in addition to large, hollow organ on inner margin and small, invaginated organ; longest branch of arista as long as upper, prominent seta on pedicel (Fig. 3E ). Clypeus medially much thicker than distal portion of palpus (Fig. 5E ). Projections on anterolateral corners of cibarium longer than width of its anterior margin (Fig. 6E ). Prementum with 4 (proximal, lateral, supralateral and distal) pairs of setae (Fig.  7E ). Postpronotal lobe with 2 prominent setae and 2-3 short setulae; upper prominent seta longer. Scutum and scutellum glossy, dark brown. Anterior dorsocentral setae slightly behind transverse suture. Additional pair of dorso-central setae absent. Acrostichal setulae in 2 rows. Basal and apical scutellar setae convergent; apicals not cruciate. Wing nearly hyaline, apically more or less clouded. Costa with apically blunt, heavy, peg-like setae interspersed with weak, trichoid setae in middle row. Epandrium pubescent except for anterior margin and ventral portion ( Fig. 2E in Sultana et al., 2002) . Surstylus broader than ventral elongation of cercus ( Fig. 2E in Sultana et al., 2002) . Paramere basally articulated with aedeagal guide (Fig. S2F , L, Q; Fig. 4C in Sultana et al., 2002) . Aedeagus apically broad and round, with strongly sclerotized, apically pointed (in lateral view), beak-like projection between basal processes; membranous distiphallus very short (Fig. S2F, L, Q) . Female sternite VII not deeply notched on caudomedial margin. Epiproct slightly pubescent; hypoproct not pubescent. Oviscapt without long, upright seta on dorsosubapical corner (Fig. 5E in Sultana et al., 2002) . Distribution. Malaysia (Sabah, Sarawak*), Indonesia (Java, Sumatra).
Remarks. Morphological differences among the Forms I-III of this species are summarized in Table S4 and Fig.  S2 . Form III is specifi cally different from the other two forms in the structure of the male phallic organs, with a longer aedeagus, longer and more strongly curved basome-dial, beak-like projection on aedeagus, and an apicolaterally extended paramere (Fig. S2P, Q) . On the other hand, Forms I and II are almost identical in the detailed structure of male genitalia (Fig. S2E, F, K, L) , although there are subtle differences in a few of their external characters (Table S4) . Diagnosis. Antennal aristal branches minute; fi rst fl agellomere only slightly longer than pedicel, without small pouch on inner surface (Fig. 3F) . Projections on anterolateral corners of cibarium shorter than half the width of cibarial, anterior margin (Fig. 6F ). Lateral bumps on prementum covered with short, thin setae (Figs 5F, 7F ). Postpronotal lobe with approximately 10 setae; longest one not prominent, as thin as others. Long spine on foreleg tarsomere II thin, simple, not sulcate (Fig. 8B) . Aedeagal basal beak-like projection longer than aedeagus proper, apically rounded (Fig. 10B ). Oviscapt apically bilobed: dorsal lobe with 1 long, upright seta on dorsosubapical corner, 1 peg-like, upward-curved ovisensillum at apex, 1 short seta dorsosubapically near base of apical, peg-like ovisensillum and 1 or 2 seta(e) on ventrosubapical margin; ventral lobe with 7-8 short setulae along caudoventral margin ( Figs 10D, S3D, E) .
Description. Male. Head: Eye brownish red. Supracervical setae 2-4, and postoculars 18-19 per side. Frontal vittae mat, greyish yellow. Distance between antennal sockets narrower than half of socket width (Fig. 4F) ; pedicel greyish yellow, dorsally with a few stout setae approximately half as long as prominent setae; arista with 3-4 dorsal and 2-3 ventral branches (Fig. 3F ). Facial carina less demarcated below, slightly shorter than pedicel and fi rst fl agellomere combined, narrower than fi rst fl agellomere (Fig.  4F ). Gena greyish brown. Palpus greyish yellow, much dilated distally (Fig. 5F ). Clypeus medially thinner than distal portion of palpus ( Fig. 5F ). Cibarial, medial and posterior sensilla 4 and 2-4, respectively, per side; posterior sensilla much shorter than medial ones; 4 anterior sensilla arranged in somewhat irregular, transverse row (Fig. 6F ). Prementum with 3 (lateral, supralateral and distal) pairs of setae nearly arranged in a transverse row (Fig. 7F ). Labellum with 11-12 pseudotracheae per side.
Thorax: entirely dark brown. Acrostichal setulae in 4 rows; setulae in inner rows approximately half as long as anterior dorsocentral setae. Additional pair of dorsocentral setae absent. Apical, scutellar setae nearly parallel.
Wing: hyaline, apically not clouded. Veins pale brown; R 4+5 and M 1 slightly converging apically. Costal setae in middle row all weak, trichoid. Halter dark brown.
Legs: Foreleg tarsomere II with 1 long and 9-14 short, stout spines (Fig. 8B) .
Abdomen: Tergites blackish brown. Sternites greyish brown.
Terminalia (Figs 10A-C, S3A-C): Epandrium with 8-9 setae on dorsal to lateral portion and approximately 5 near base of surstylus. Surstylus blade-shaped, apically somewhat triangular, with 3 minute setae on apical portion. Cercus with approximately 37 setae; ventral elongation with approximately 2 minute tooth-like setulae on dorsosubapical margin. Paramere basally fused to hypandrium, slightly shorter than aedeagus, distally curved inwards, apically rounded, with 4 minute sensilla. Aedeagus approximately half as long as apodeme, apically broad and round, with short but broad, aedeagal guide; membranous distiphallus very short.
Measurements (holotype/range in 5♂ paratypes, in mm): BL = 2.00/1.90-2.00, ThL = 0.87/0.80-0.87, WL = 1.77/1.60-1.87, WW = 0.77/0.77-0.93.
Indices (holotype/range in 5♂ paratypes, in ratio): FW/ HW (frontal width/head width) = 0.53/0.56-0.63, ch/o (maximum width of gena/maximum diameter of eye) = 0.39/0.28-0.44, prorb (proclinate orbital seta length/ posterior reclinate orbital seta length) = 0.83/(n/a), rcorb (anterior reclinate orbital seta length /posterior reclinate orbital seta length) = 0.25/0.42-0.56, vb (subvibrissal seta length /vibrissa length) = 0.21/0.23-0.25, dcl (anterior dorsocentral seta length/posterior dorsocentral seta length) = (n/a)/0.56-0.74, presctl (prescutellar seta length /posterior dorsocentral seta length) = 0.62/0.63-0.78, sctl (basal scutellar seta length /apical scutellar seta length) = 0.49/0.50-0.65, sterno (anterior katepisternal seta length/ posterior katepisternal seta length) = 0.67/0.47-0.60, orbito (distance between proclinate and posterior reclinate orbital setae/distance between inner vertical and posterior reclinate orbital setae) = 1.00/0.82-1.00, dcp (distance between ipsilateral dorsocentral setae/distance between anterior dorsocentral setae) = 1.05/0.75-1.06, sctlp (distance between ipsilateral scutellar setae/distance between apical scutellar setae) = 1.05/1.00-1.22, C (2nd costal section between subcostal break and R 2+3 /3rd costal section between R 2+3 and R 4+5 ) = 1.59/1.56-1.91, 4c (3rd costal section between R 2+3 and R 4+5 /M 1 between r-m and dm-cu) = 1.46/1.33-2.00, 4v (M 1 between dm-cu and wing margin/ M 1 between r-m and dm-cu) = 2.18/2.13-3.13, 5x (CuA 1 between dm-cu and wing margin/dm-cu between M 1 and CuA 1 ) = 1.20/1.00-1.46, ac (3rd costal section between R 2+3 and R 4+5 /distance between distal ends of R 4+5 and M 1 ) = 3.20/2.55-3.09, M (CuA 1 between dm-cu and wing margin/M 1 between r-m and dm-cu) = 0.21/0.22-0.24.
Female. Head, thorax, legs and wings as in male. Etymology. Refers to the basal, long, beak-like projection of the aedeagus.
Distribution. Indonesia (Sumatra).
Remarks. This species is the fi rst to branch off within the toshiokai group in the cladogram having resulted from the present study ( Fig. 9 ). In addition, it is unique in having many species-specifi c, diagnostic characters among the members of this species group.
Key to species of the Colocasiomyia toshiokai species group
1 Foreleg tarsomere II apically with 3 long, stout spines (Fig.  8A) 2B in Sultana et al., 2002) ; paramere half as long as aedeagus; aedeagus apically narrow in lateral view (Fig. S1M-O (Fig. 2C in Sultana et al., 2002) ; paramere 2/3 as long as aedeagus; aedeagus apically thick ( Fig. 3E in Sultana et al., 2002) ..............................................  ................................................ C. nigricauda Sultana & Toda 4 Acrostichal setulae in 4 rows; foreleg tarsomere II slightly shorter than tarsomeres III and IV combined; antennal fi rst fl agellomere without small pouch on inner surface (Fig. 3A) ; surstylus and ventral elongation of cercus narrower than ventral elongation of epandrium ( Fig. 2A in Sultana et al., 2002) ; aedeagus basally without beak-like projection (Fig. 3A in Sultana et al., 2002) ; oviscapt with small patch of pubescence ( Fig. 5A in Sultana et al., 2002) ............. C. toshiokai (Okada) -Acrostichal setulae in 2 rows; foreleg tarsomere II slightly longer than tarsomeres III and IV combined; antennal fi rst fl agellomere with small pouch on inner surface (Fig. 3D) ; surstylus and ventral elongation of cercus broader than ventral elongation of epandrium ( Fig. 2D in Sultana et al., 2002) ; aedeagus basally with beak-like projection (Fig. 4A in Sultana et al., 2002) ; oviscapt without pubescence ( Fig. 5D in Sultana et al., 2002) ..........C. erythrocephala Sultana & Toda 5 Antennal aristal branches minute (Fig. 3F) ; thoracic pleura entirely dark brown; costal setae in middle row all weak, trichoid; long spine on foreleg tarsomere II thin, not sulcate (Fig. 8B) ; postpronotal lobe with approximately 10 setae nearly equal in thickness; oviscapt apically bilobed ( Figs  10D, S3E) Fig. 11 shows almost all the data on the composition of Colocasiomyia fl ies collected from individual infl orescences of Homalomena and Aglaonema in Vietnam, Malaysia and Indonesia. In lowlands of West Java, host infl orescences were usually occupied by two species of the toshiokai group, C. xanthogaster (Light form) and C. heterodonta (Form I), with baechlii-group species occasional cohabitants. In the Bogor Botanical Garden, C. xanthogaster tended to be more abundant than C. heterodonta on individual infl orescences of Homalomena, while the opposite was recorded on Aglaonema infl orescences. In the highlands of West Java, however, Homalomena infl orescences were almost monopolized by C. heterodonta. In Sarawak and Sabah, infl orescences of various Homalo mena species were shared by another pair of species, C. nigricauda and C. heterodonta (Form II), of which the former was more abundant on all the host species studied except H. matangae. However, infl orescences of H. lambirensis in Lambir, which was misidentifi ed as H. propinqua Schott by Kumano & Yamaoka (2006) and Kumano-Nomura & Yamaoka (2009) (Wong & Boyce, 2017) , were monopolized by Fig. 12 shows the distribution of Colocasiomyia eggs and larvae over the spadix of host infl orescences/infructescences collected in West Java. The eggs were counted on each 1 cm section of the pistillate and staminate regions from the border of the two regions. However, the larvae were counted separately only for each of the pistillate and staminate regions, because they were very actively mov-ing. In lowland West Java where C. xanthogaster (Light form) and C. heterodonta (Form I) cohabited in the same host infl orescences (Fig. 11) , both species laid their eggs in the narrow spaces between pistils and/or staminodes mainly on the middle to upper portion of the pistillate region of Homalomena infl orescences, but C. heterodonta sporadically oviposited also on the basal border zone composed of relatively large, interstice staminodes in the staminate region. In the highlands where infl orescences of H. megalophylla collected on Mt. Halimun were almost monopolized by C. heterodonta (Fig. 11) , the eggs of this species were found mainly on the pistillate middle portion to the staminate basal portion, but also sporadically on the staminate upper portions of the infl orescence. On an infl orescence of Aglaonema pictum (Roxb.) Kunth. in the Bogor Botanical Garden, which was visited by both C. xanthogaster and C. heterodonta, the eggs of only C. heterodonta were found and more abundant on the staminate lower portion than on the pistillate region. On Homalomena infructescences at Stage IV (Fig. 1B) , Colocasiomyia larvae were found. Within an infructescence of H. pendula collected from the Bogor Botanical Garden, larvae (2nd and 3rd instars) of C. xanthogaster were observed feeding mostly on exudates in the pistillate region, while those of C. heterodonta fed on decaying tissues in the staminate region. Only C. heterodonta larvae were found in Stage-IV infructescences of H. megalophylla collected on Mt. Halimun: 2nd instars were restricted to the pistillate region and 3rd instars were recorded in both pistillate and staminate regions. However, neither larvae nor puparia (or empty puparial capsules) were found in any of the infructescences at Stage V. This implies that full-grown larvae of the toshiokai group leave their host infructescence via the decayed and exposed apex portion of the staminate region and pupate elsewhere. Some larvae showed skipping behaviour in the laboratory. Actually, larvae of C. alocasiae (Okada, 1975) of the cristata group were observed "popping out" of host infructescence and pupating elsewhere by Yafuso (1993) .
Infl orescences/infructescences of H. lambirensis in Lambir, Sarawak were monopolized by C. nigricauda, the closest relative of C. xanthogaster. To determine the distribution of C. nigricauda immature stages (eggs, 1st and 2nd instars) on the spadix, spadices of infl orescences (Stage II) and young infructescences (Stage III and early IV) were separated into seven parts: upper 1/3, middle 1/3 and lower 1/3 of staminate region, intermediate sterile region, and upper 1/3, middle 1/3 and lower 1/3 of pistillate region. However, spadices of infructescences at late Stage IV, with 3rd instar larvae, were separated into three parts: stami-nate, intermediate and pistillate regions. There is a distinct intermediate region composed only of staminodes between the staminate and the pistillate regions on the spadix of H. lambirensis (Fig. 1b in Kumano & Yamaoka, 2006) . Eggs were laid mostly on the pistillate and intermediate regions, but also sporadically on the staminate region; 1st instar larvae were recorded mainly on the pistillate region, being most abundant on its lower 1/3, but also sporadically on the intermediate and the staminate regions; 2nd instar larvae were recorded on the basal pistillate and intermediate region, rarely on the basal staminate region; 3rd instar larvae were recorded on the pistillate and staminate regions (Fig.  13) .
Thus, when the two species, C. xanthogaster and C. heterodonta, cohabit infl orescences/infructescences of the same host plant, a slight difference was recorded in their utilization of the spadix for breeding. Although both species mainly used the pistillate region for oviposition and as a source of food for young larvae, C. heterodonta had a slightly wider niche in also sporadically using the basal staminate region. This difference, which is reported on the basis of incomplete data by Yafuso & Okada (1990) , is confi rmed by the data collected in the present study. Furthermore, the present study suggests spatio-temporal separation of the feeding sites of the older larvae between these two species. Larvae of C. heterodonta may fi rst move from the pistillate region to the staminate region and feed there on the decaying stamens. Larvae of C. xanthogaster may follow them, or complete their growth within the pistillate region. Although much more data are needed to reveal the interspecifi c differences in larval food habits, it can be said that C. xanthogaster is more pistilicolous and C. heterodonta more stamenicolous. Good examples of breeding niche separation in two cohabiting species are reported for some species pairs of the cristata group: one species uses exclusively the pistillate region for oviposition and larval development and pupates within the infructescence chamber, whereas the other uses mostly the staminate region and pupates elsewhere (Carson & Okada, 1980; Honda-Yafuso, 1983; Toda & Okada, 1983; Okada & Yafuso, 1989; Yafuso, 1994) . In comparison to these species, the niche separation between C. xanthogaster and C. heterodonta is slight and both species do not pupate in the host infructescence. Another case of slight niche separation is reported for two undescribed species, C. sp. 1 aff. sulawesiana and C. sp. 2 aff. sulawesiana, of the cristata group: both are principally pistilicolous and pupate within the host infructescence, but the two species show the different distributions of the adult fl ies within the host infl orescences and consequently oviposit on different parts of the spadix (Takano et al., 2012) . In this case, one species (sp. 1) is also more pistilicolous than the other (sp. 2). When two Colocasiomyia species cohabit infl orescences/infructescences of the same Araceae host plant, breeding niche separation along the axis of the spadix seems to be a general pattern, probably resulting from convergence (e.g., parallel evolution) in different lineages. In relation to this niche separation, cohabiting species show different reproductive strategies in terms of a trade-off in "egg size vs. number": the stamenicolous species lay "more smaller eggs" than the pistilicolous species (Fartyal et al., 2013) . The difference in this trade-off between C. xanthogaster and C. heterodonta is consistent with the general pattern, though smaller than in other pairs the niche separation of which is more marked (Fartyal et al., 2013) . Fig. 14 shows changes in the temperature of the pistillate and staminate regions of the two infl orescences of H. megalophylla and H. pendula recorded over the course of fl owering, which lasted for two days, along with records of the important fl owering events and behaviour of Colocasiomyia fl ies. The extent of heat generation by the infl orescence is expressed in terms of the differences between the pistillate (T p ) or staminate (T s ) temperatures and the ambient air temperature (T). The general pattern in the fl owering process and fl y behaviour was almost identical on the two host plants. The heat generation was detected only in the staminate region of both species of plants. T s began to be higher than T from dusk or early in the night of the day before anthesis, and the difference became about 1°C in the middle of the night. Synchronized with this increase in temperature was a loosening of the spathe. The dramatic process of anthesis started in the dark around 4:00 (in 24-hour notation; in November, for H. megalophylla) or 4:30 (in August, for H. pendula) in synchronization with the distinct increase in temperature recorded in the staminate region. The spathe became fully open within 30-60 min, but no Colocasiomyia fl ies visited the infl orescence in the dark. Around dawn at 4:50 or 5:20, T s was 5 and 9°C higher than T in H. megalophylla and H. pendula, respectively, and the infl orescence started to emit an odour. Soon after that, around sunrise (5:25 in November and 6:05 in August), Colocasiomyia fl ies successively visited the infl orescence of H. megalophylla from 5:20 to 5:45 and that of H. pendula from 5:40 to 6:30 when T s peaked at about 38°C, which was 14°C higher than T, and there was a strong emission of odour. T p was only 2 or 3°C higher than T during this period, which could have been caused by the conduction of heat from the staminate region. The fl ies alighted on the spathe or the staminate region but immediately moved to the pistillate region. Thereafter, T s gradually decreased, but remained about 5°C higher than T at 7:30 in H. megalophylla or at 8:00 in H. pendula; the fl ies stayed in the pistillate region, mostly on the rear of its upper portion, sometimes ovipositing on the upper half of pistillate region and/or attempting to mate. The difference between T s and T decreased to about 2°C from 9:00 in H. megalophylla or 1°C from 9:30 in H. pendula, and then remained relatively constant during the daytime; the fl ies seemed to be resting together on the rear of the inner wall of the spathe surrounding the pistillate region. In the evening, the fl ies resumed activity, feeding exclusively around the border zone between the pistillate and staminate regions, ovipositing on the pistillate region and in the border zone and mating; these activities continued throughout the night. The second increase in the T s -T temperature was recorded from 3:30 in both infl orescences, though it was less pronounced in H. megalophylla. This coincided with the spathe beginning to close and pollen release. Colocasiomyia fl ies successively left the infl orescence of H. megalophylla between 4:10 and 5:05 and that of H. pendula between 5:15 and 5:40. Although a few fl ies left the infl orescence of H. megalophylla during the middle of the night, this may have been due to disturbance or the effect of the headlamp used for nighttime observation: in the case of the H. pendula infl orescence, which was not observed at night, the same number of Colocasiomyia fl ies that visited the infl orescence in the previous morning left together the following day. There was no longer a difference between T s and T recorded around 8:00 to 10:00, and by this time the spathe was completely closed, leaving the front-side, middle to upper portion of the staminate region uncovered; this exposed portion of the staminate region gradually decreased in area and fi nally only the apical portion remained exposed.
Flower-visiting behaviour
The two species of Homalomena studied are protogynous like other Araceae plants (Mayo et al., 1997) : the female phase (stigma receptivity) of the infl orescence precedes the male phase (anther dehiscence). The fi rst thermogenesis occurred in the female phase and was intimately associated with emission of a strong odour and the attraction of Colocasiomyia fl ies. Some studies have shown histologically that the generation of heat is associated with the volatilization of fl oral scent molecules (Skubatz et al., 1995; Skubatz & Kunkel, 1999) and that Colocasiomyia fl ies are attracted to specifi c volatiles (Miyake & Yafuso, 2003 , 2005 . In the present study, Colocasiomyia fl ies were observed immediately moving to the pistillate region and remaining there after alighting on the spathe or the staminate region. This behaviour would enable them to avoid exposure to the high temperature (about 38°C at the peak) conditions in the staminate region at this phase, as suggested by Ivancic et al. (2004) : the pistillate temperature was about 12°C lower than the staminate temperature even at the peak of heat generation (Fig. 14) . The second thermogenesis corresponded to the male phase and was synchronized with the spathe closing followed by pollen release and the fl ies leaving. Closing of the spathe stimulates the fl ies to crawl up from the pistillate region to the staminate region to avoid being imprisoned within the closed infl orescence chamber (cf. Bröderbauer et al., 2012) . Then, the fl ies are dusted with pollen grains released in the staminate region and ultimately leave the infl orescence and then search for and are attracted by surrounding female-phase infl orescences. In the pollen-releasing phase, stingless bees were often observed visiting the infl orescence to collect pollen, even after the spathe was completely closed, but never entered the pistillate region. Thus, C. heterodonta and C. xanthogaster seem to be the most effective, specifi c pollinators of H. megalophylla and H. pendula, in their response to the characteristic fl owering-events related to thermogenesis in the female and male phases. However, their effi ciency as pollinators should be evaluated by fi eld bagging experiments.
Plant-pollinator interactions in Homalomeneae: a short review
Homalomena is a large genus with more than 350 described and formally undescribed species . Contrary to our observations of possible fl y-pollination in H. megalophylla and H. pendula, both of which belong to the Homalomena section (sensu Wong et al., 2016) , in Java, beetle-pollination is strongly suggested for H. lambirensis (Kumano & Yamaoka, 2006) , H. giamensis (Tung et al., 2010) and six other Homalomena species in Sarawak, Malaysian Borneo. Although these Homalomena species attract not only beetles but also Colocasiomyia fl ies, Kumano & Yamaoka (2006) (Wong et al., 2013; . Chartier et al. (2014) categorize the genus Homalomena as plants "pollinated by fl y and beetle", and its closely related genera Philodendron as those "pollinated by beetle" and Furtadoa as those "pollinated by fl y". Mapping these pollination interaction types on a phylogenetic tree, they inferred that beetle pollination would have been the ancestral state for these related taxa.
The diurnal timing of anthesis varies among these aroid plants. Infl orescences of "beetle-pollinating" Philodendron species open in the evening and attract beetles at dusk (e.g., Gottsberger et al., 2013) , whereas "beetlepollinating" Homalomena species begin fl owering in the morning (Kumano & Yamaoka, 2006; Tung et al., 2010; as well as other "fl y-pollinating" Homalomena species, H. megalophylla and H. pendula (the present study), and Furtadoa sumatrensis M. Hotta (Mori & Okada, 2001) whereas the third species fl owers at dusk. They state: "It seems that Schismatoglottideae and Homalomeneae tend to fl ower at dawn in the Old World tropics but related taxa in the Neotropics fl ower at dusk. This requires further investigation."
Not only the timing of anthesis but also other fl oral traits vary among aroid plants in relation to pollinator types. Gibernau et al. (2010) investigated 68 species of Araceae and found correspondence between pollinator types (i.e., bee-, fl y-or beetle-pollination) and fl oral traits, such as pollen volume and number, the number of female fl owers and fl ower sexual types (unisexual or bisexual). Differences in such fl oral syndromes are reported between "beetlepollinating" and "fl y-pollinating" species even within the genus Homalomena. Grayum (1986) report that the texture of Araceae pollen would have differentiated in adaptation to different types of pollinators: echinate (i.e., spiny) pollen is more effective for attaching to the hairs or bristles of fl ies and bees, whereas sticky secretions from the stigma or inner surface of spathe help psilate (i.e., smooth and lacking ornamentation) pollen to attach to smooth, hard bodies of beetles. Sannier et al. (2009) infer that psilate and foveolate/reticulate pollen ornamentations are ancestral character states in Araceae, and that evolutionary shifts to fl y pollination are probably followed by transitions towards echinate pollen. Pollen of all the species of the genus Schismatoglottis Zoll. & Moritzi investigated is psilate, and infer mixed pollination of Schismatoglottis baangongensis S.Y. Wong, Y.C. Hoe & P.C. Boyce (tribe Schismatoglottideae, Araceae) by Cycreon beetles (Hydrophilidae) and Colocasiomyia aff. bogneri. Such mixed pollination may represent a transitional state in an evolutionary shift in pollinator type. In our observations, H. megalophylla (Fig. 1) , H. pendula (Fig. S4) , Homalomena sp. L cf. megalophylla (Fig. S6) , H. sp. aff. alba (Fig. S7 ), Homalomena sp. T (Fig. S8 ) and Homalomena sp. K (Fig. S12 ) produced powdery pollen, although we did not investigate ultra-structure of the ornamentation on the pollen. On the other hand, H. lambirensis (Kumano & Yamaoka, 2006 ) and another seven Homalomena species in Sarawak secrete resin in the staminate region before the male phase (Fig. S10A) , which makes the pollen sticky (Fig. S10C) .
The constriction in the spathe between the staminate and pistillate regions of the spadix is seen in many genera of Araceae (Bröderbauer et al., 2012; Wong et al., 2013) . Spathe constriction facilitates effective pollination by specifi c insects (e.g., Takenaka, 2006; Bröderbauer et al., 2014) but restricts access by non-pollinators to the pistillate region (e.g., Takano et al., 2012) by functioning as a sieve (Low et al., 2016) . The spathe is swollen below the constriction (Figs S5B, S9, S10). Such more or less closed spathal chamber serves as a safe mating arena for pollinators (Kumano-Nomura & Yamaoka, 2009 ). In general, the space between the spathe and the spadix is the site where visiting insects feed, breed, mate and rest. Therefore, the size and shape of spathal chamber should be strongly related to pollinator type. Wong et al. (2013) infer that the constricted spathe is plesiomorphic for Homalomena and has been lost once in the clade comprising the Homalomena and the Chamaecladon sections. Our observations indicate that the spathe is not constricted in all the Homalomena species that produce powdery pollen (Figs 1, S2, S4-6, S10). Thus, the loss of the spathe constriction and reduction in spathal chamber space would have been caused by the pollinator shift from large-bodied beetles to small-bodied fl ies.
The resurrection of the genus Adelonema Schott , which is the former New World Homalomena and closely related to Philodendron, implies a necessity to reassess the phylogenetic context of plant-pollinator interactions in these related genera. Further studies on evolutionary changes in fl oral traits, such as diurnal time of fl owering, pollen characters and spathe size and shape, along with the change in role of Colocasiomyia fl ies from commensalist to mutualist would shed more light on the entangled evolution of intimate pollination mutualisms between the fl ower-breeding fl y genus and Araceae plants. Nearly entirely dark gray to black (Fig. S1B) Nearly entirely dark gray to black (Fig. S1C ) Dark patch on apical portion of inner surface of foreleg tibia Absent (Fig. S1A ) Present (Fig. S1B ) Present (Fig. S1C )
Space between antennal sockets
Broader than half of socket width (Fig.  S1D )
Narrower than half of socket width (Fig. S1E ) Narrower than half of socket width (Fig. S1F )
Facial carina
As long as antennal pedicel + first flagellomere, slightly narrower than first flagellomere, more or less truncately demarcated below ( Approximately 1.5 times as long as pedicel (Fig. S2A) Approximately 1.5 times as long as pedicel (Fig. S2G) Twice as long as pedicel ( 
